Hodgkin lymphoma (HL) is a malignant condition of B lymphocyte origin and is among the most common cancers in adolescents and young adults (1). Current classification broadly divides HL into two major forms that are thought to be distinct clinicopathologic entities: classical HL (cHL), which accounts for about 95% of HL, and the less prevalent nodular lymphocyte-predominant HL (2). cHL is characterized by the presence of a small number of Hodgkin and Reed-Sternberg (HRS) tumor cells scattered within an admixture of inflammatory cells and is further subdivided into four histological subtypes consisting of nodular sclerosis HL (NSHL), mixed cellularity HL (MCHL), lymphocyte-depleted HL, and lymphocyte-rich HL (2,3).
Epstein-Barr virus (EBV) has been etiologically associated with a proportion of cHL patients (4, 5) . EBV latent membrane protein (LMP)-1 and/or EBV-encoded small RNAs (EBERs) have been detected in HRS cells in as many as 40% of cHL patients in economically developed countries (5, 6) . The presence of clonal EBV genomes in tumor cells and the known transforming potential of LMP-1 and LMP-2 suggest that EBV plays a direct role in the pathogenesis of cHL. The proportion of EBV-positive cHLs varies with sex, age, ethnicity, and regional economic development. Specifically, EBV-positive cHL is more frequently observed in males, children and older adults, nonwhites, and in less economically developed regions of the world (7) . Compared with the NSHL histological subtype, MCHL is more likely to be EBV positive across all age groups, but particularly for young adults (7) . However, because approximately 60% of cHLs are NSHL (vs about 30% MCHL), the majority of EBV-positive cHLs are of this histological subtype.
A small number of B lymphocytes in most healthy adults are persistently infected with EBV. The factors associated with progression to EBV-related cHL are not fully understood, but growing evidence suggests that it is likely to be influenced by genetic factors (8, 9) . Antiviral immune responses are considered to be essential in the control of EBV-induced lymphomagenesis. Accordingly, a previously reported genetic screening study using 33 microsatellite markers across the major histocompatibility complex (MHC) region, a region densely populated with immunoregulatory genes, identified susceptibility loci within the class I and class III regions that were specifically associated with EBV-positive or EBV-negative cHL (8) . Subsequent evidence has emerged that supports a strong involvement of the highly polymorphic HLA-A locus in EBV-positive cHL in which HLA-A*01 confers an approximate twofold increased risk per allele, whereas HLA-A*02 was associated with an approximate 40% reduction in risk (9, 10) . Also, a recent genome-wide association study (GWAS) showed an association between cHL and an MHC class II variant, rs6903608, which appeared to be largely confined to the EBV-negative subtype (11) .
Taken together, these previous reports provide a strong indication that cHL is an etiologically heterogeneous disease that may warrant consideration of EBV status as an addition to the current classification of cHL, which does not include EBV. We therefore conducted a GWAS among a large series of EBV-classified cHL patients and control subjects, with an emphasis on incorporating EBV status in the definition of tumor phenotype, to identify common genetic variants involved in the susceptibility to cHL.
Methods

GWAS Samples
Genome-wide genotyping was performed on cHL case samples from five European-based HL studies: the EPILYMPH Study, the Scotland and Newcastle Lymphoma Group, the Young Adult Hodgkin's Disease Case-Control Study, the Scandinavian Lymphoma Etiology Study, and the Northern Dutch Hodgkin Lymphoma Study (Table 1) . Briefly, EPILYMPH is a multicenter case-control study of lymphoma conducted between January 1998 and June 2003 that included patients from centers in six European countries and followed a common core protocol (12) . The Scotland and Newcastle Lymphoma Group includes the Scotland and Newcastle Epidemiological Study of Hodgkin's Disease, which is a case-control study conducted in Scotland and Northern England between January 1993 and July 1997 (6) , and the "local case series," a prospectively collected series of patients within those regions between January 1992 and March 2008 (9) . The Young Adult Hodgkin's Disease Case-Control Study is a case-control study of HL in adolescents and young adults (aged 16-24 years) conducted in the United Kingdom in the regions of Yorkshire, Wessex, Southwest Family Health Service Authority areas, and parts of Cumbria and Lancashire between October 1991 and May 1995 (13) . The Scandinavian Lymphoma Etiology Study is a casecontrol study of lymphomas conducted in Denmark and Sweden between January 1999 and August 2002 (14) , and the Northern Dutch Hodgkin Lymphoma Study comprises a population-based case patient series of HL diagnosed in Northern Netherlands
CONTEXT AND CAVEATS
Prior knowledge
Hodgkin lymphoma (HL) is one of the most common cancers among adolescents and young adults. Epstein-Barr virus (EBV) has been associated with some HL patients who have one of the major forms-classical HL (cHL). Although the relationship between EBV and cHL is not fully understood, it has been hypothesized that genetic factors may be involved.
Study design
To determine if EBV status should be considered when classifying the different subtypes of cHL, a genome-wide association study was done using data from a large series of cHL patients for whom EBV status was known. The results were validated in an independent replication study and genetic variants associated with cHL, EBV-positive cHL, and EBV-negative cHL were identified.
Contributions
Two variants located in the major histocompatibility complex (MHC) were independently associated with cHL, regardless of EBV status, and were confirmed in the replication series. Two genetic variants within the class I region of the MHC previously identified in reports as having an association with EBV-positive cHL were also observed. One genetic variant in the class II region of the MHC and one variant previously linked to psoriasis and asthma were associated with EBV-negative cHL. These results indicate that although there are some loci associated with cHL, regardless of EBV status, there are also some loci that are heterogeneous in their relationship with cHL EBV subtypes.
Implication
EBV status should be included in the classification of cHL.
Limitations
Although this is the largest GWAS of cHL to date, the statistical power of this study may not have been high enough to detect associations involving rare variants or less common cHL subtypes, such as EBV-positive cHL. Also, systematic bias could have been introduced from differences in genotyping between patients and some control subjects.
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between January 1987 and April 2009 (8) . DNA samples of sufficient quality and quantity for genome-wide genotyping were available for 1238 cHL patients aged 15-80 years (median age = 33 years), as well as 1395 study-specific control subjects representing nine European countries, including the Czech Republic, Denmark, France, Germany, Ireland, the Netherlands, Spain, Sweden, and the United Kingdom. The study protocol was approved by the institutional review boards, regional scientific ethics committees, and/or data protection agencies of all collaborating centers or institutions, and written informed consent was obtained for all participating subjects. A large series of generic control subjects were selected on the basis of the country of recruitment of case patients from several previously published GWAS of other cancers conducted among populations of European ancestry (Table 1) . These studies included the Alcohol Related Cancers and Genetic Susceptibility in Europe Study (15) ; the International Agency for Research on Cancer Central Europe Study (16) ; the Pancreatic Cancer Cohort Consortium (17) ; the Nijmegen Biomedical Study (18) ; the NordTrøndelag Health Study and Tromsø IV Studies (19, 20) ; and the Wellcome Trust Case-Control Consortium (21) . From these six studies, genome-wide data from a total of 6466 control subjects were assembled.
Genome-Wide Genotyping and Quality Control
Genome-wide genotyping of cHL case patient samples was performed using the Illumina Infinium Human660-Quad BeadChip (Illumina Inc, San Diego, CA) at the Centre National de Génotypage (Evry, France; http://www.cng.fr/), as described previously (22) . These case patients were matched with control populations genotyped on Illumina BeadChips (Illumina Inc) from six previous GWAS (described above and Table 1 ).
We conducted systematic quality control steps separately within case patient samples and each of the six different control sample series. A single-nucleotide polymorphism (SNP) was excluded if it was not successfully genotyped in 98% or more of samples, the distribution of genotypes clearly deviated from that expected by Hardy-Weinberg equilibrium (P < 1 × 10 27 ), or the minor allele frequency was less than 0.01. These exclusions resulted in a total of 502 514 SNPs with at least partial genotype data available for both case patients and control subjects.
In addition, quality control metrics were applied to the 1238 cHL case patients resulting in the exclusion of nine samples with less than a 95% overall genotyping success rate, six samples with outlying autosomal heterozygosity rates (>6 SDs from the mean), and three self-reported males and two females with abnormal X chromosome heterozygosity rates of greater than 10% and less than 20%, respectively. Relatedness was evaluated on the basis of an identity by descent analysis (evaluation of whether loci are identical copies of the same ancestral allele) (23) leading to the exclusion of an additional five samples (ie, first-degree relatives) (Supplementary Table 1 , available online).
To maximize the ethnic homogeneity of the case patient and control subject series, we performed a principal components analysis using a subseries of 11 029 SNPs present on all Illumina BeadChip panels (Illumina Inc) that are evenly distributed across the genome in low linkage disequilibrium (LD) (r 2 < 0.004) (24) and that passed quality control requirements. The principal components analysis was conducted using EIGENSTRAT of the EIGENSOFT 3.0 software package (Broad Institute, Cambridge, MA) (25) . This resulted in further exclusion of 62 outliers (13 patients and 49 control subjects) resulting in a total of 1200 cHL case patients and 6417 control subjects available for the genomewide analysis (Supplementary Table 1 , available online).
Technical Replication
The technical replication stage involved re-genotyping all 1200 cHL patients included in the GWAS and genotyping for the first time 1395 study-specific control subjects for 20 SNPs that reached genome-wide significance in the analysis of total cHL or the subgroup analyses by tumor EBV status. These included 19 SNPs from the MHC region (selected from among >100 genome-wide significant MHC region SNPs based on LD pruning at r 2 < 0.2 with an effort to retain SNPs with the lowest P values) and one SNP at chromosomal region 5q31 (IL13, rs20541). Technical replication genotyping was performed using the Sequenom platform (Sequenom Inc, San Diego, CA) at the Centre National de Génotypage (Supplementary Table 2 , available online). This stage served two purposes: 1) it allowed for the assessment of genotyping error in the GWAS through re-genotyping select SNPs by an alternate genotyping technology, and 2) it allowed us to confirm the GWAS findings in an analysis of GWAS case patients and study-specific control subjects and aided in the evaluation of bias possibly introduced by the use of generic control subjects in the GWAS.
Independent Replication
Further evaluation of the independence of the associations between cHL and the 20 technical replication SNPs identified five SNPs within the MHC region and one at 5q31 (rs20541) that best explain the associations with each locus. Three of the six SNPs have not been previously reported in the cHL literature. Thus, they were studied in the independent replication series comprising a different sample of 563 case patients and 613 control subjects from EPILYMPH (12), the Scotland and Newcastle Lymphoma Group (6,9), the Young Adult Hodgkin's Disease Case-Control Study (13) , and the Epidemiology and Genetics Lymphoma Case-Control Study conducted between January 1998 and July 2003 (http://www.elccs.info) (26) ( Table 1 ). The rs20541 SNP has been associated with psoriasis and asthma in previous GWAS (27) (28) (29) (30) (31) . One additional psoriasis SNP that showed a putative association in the cHL GWAS, rs27524 (ERAP1), was selected for independent replication on the basis of the hypothesis that there may be overlap in the biological mechanisms of the two immunerelated diseases. In total, four SNPs were included in the independent replication stage.
Genotyping was performed using TaqMan Pre-Designed SNP Genotyping Assays (Applied Biosystems, Carlsbad, CA) in 384-well plates for variants rs27524, rs20541, rs2248462 (6p21: MICB), and rs2395185 (6p21: HLA-DRA), including 3.6% duplicate samples. A specific TaqMan Pre-Designed SNP Genotyping Assay Mix (containing probes and primers) was used for each SNP (Applied Biosystems assay-on-demand order code: C___3056837_10 for rs27524, C___2259921_20 for rs20541, C___16026475_10 for rs2248462, and C___16222465_10 for rs2395185). Assays were run on the GeneAmp PCR System 9700 thermal cycler (Applied Biosystems) for 15 minutes at 95°C followed by 30 cycles at 95°C for 15 seconds and a 1-minute incubation at 60°C. Subsequently, the endpoint fluorescence was read with an ABI Prism 7900HT Sequence Detection System, and genotypes were "called" using the SDS 2.1 software (Applied Biosystems). The performance of the assays was validated by re-genotyping CEU HapMap samples (US residents with northern and western European ancestry) and comparing the results to HapMap genotypes (http://hapmap.ncbi. nlm.nih.gov). All assays were found to be functioning robustly. Within the study samples, duplicates genotyping concordance was greater than 99%.
Tumor EBV Status Classification HL EBV status was ascertained through in situ hybridization for EBERs and/or through immunohistochemical staining for EBV LMP-1 protein on formalin-fixed paraffin-embedded tumor samples, with commercially available reagents and protocols that are used in diagnostic settings (32) (33) (34) . In most patients, in situ hybridization was performed to detect EBER1-2 RNAs, which are associated with latent EBV infection, by using an EBER-specific peptide nucleic acid probe according to the manufacturer's instructions (DAKO, Glostrup, Denmark). An appropriate positive control (known EBV-positive HL case) was included.
Immunohistochemical staining for EBV LMP-1 protein was typically used to supplement the in situ hybridization analyses, but in a small proportion of samples (<10%), EBV LMP-1 staining was the only test for EBV. Following antigen retrieval, paraffin sections were incubated with the antibody cocktail CS1-4 (DAKO). Reactivity was detected using standard EnVision (DAKO), VECTASTAIN ABC (Vector Laboratories, Peterborough, UK), or Ventana kit (Ventana, Tuscon, AZ) immunohistochemistry. EBV-positive patients were defined as those for whom their HRS cells expressed EBERs or LMP-1 protein (35) .
Statistical Analysis
The association between each genetic variant and the disease phenotype was estimated by the odds ratio (OR) per allele and 95% confidence intervals (CIs) using multiple logistic regression, assuming a log-additive genetic model with sex (male or female) and country of recruitment (France, Germany, Spain, Czech Republic, Ireland, United Kingdom, Denmark, Sweden, and the Netherlands; up to eight indicator variables after excluding one country as the reference, depending on the analysis) included in the model as covariates. To adjust for any additional population stratification not captured by adjustment for country, eight principal components analysis eigenvectors, which were suggested to be informative based on the Tracy-Widom statistic (P < .05), were included in the regression model (36) . To evaluate the independence of the associations between cHL and multiple SNPs, additional model variables representing the variants in question were included together in a single logistic regression model. Results of the genome-wide and independent replication analyses were combined with meta-analyses applying the inverse variance weighting method (37) . Between-study heterogeneity in risk estimate was evaluated using the Cochran Q test statistic. Differences for which P values were less than 1.0 × 10 27 were considered statistically significant at the genome-wide level (21) .
Genome-wide analyses were conducted for total cHL and for EBV-positive and EBV-negative cHL as the phenotypes of interest. For SNPs that were identified as being associated with cHL, analyses were also conducted on subtypes that were defined using both histology (NSHL or MCHL) and tumor EBV status. The x 2 test of homogeneity was used to test the null hypothesis that the subtype-specific odds ratios were equal. Genome-wide analyses were not stratified by sex to minimize the total number of statistical tests performed in light of no compelling previously published evidence for strong sex-specific differences in genetic associations. The study population included only whites of European origin; thus, no analyses by racial/ethnic groups were performed. All statistical tests were two-sided. Analyses were conducted using PLINK (23) and SAS software version 9 (SAS, Cary, NC) (38) . Genome-wide association analysis of 502 514 single-nucleotide polymorphisms (SNPs) in 1200 classical Hodgkin lymphoma patients and 6417 control subjects. Multiple logistic regression analysis was performed assuming a log-additive genetic model and adjusting for sex (male or female), country (eight indicator variables after excluding one country as the reference: France, Germany, Spain, Czech Republic, Ireland, United Kingdom, Denmark, Sweden, and the Netherlands), and eight principal components analysis eigenvectors. The 2log 10 (P value) for each SNP is plotted against their chromosomal position. All statistical tests were two-sided. The horizontal dotted line represents the genome-wide significance threshold level (P < 1 × 10 27 ). The regions in which SNPs associated with classical Hodgkin lymphoma are located include 5q31 in the vicinity of the IL13 and IL4 genes, and 6p21 within the major histocompatibility complex (MHC) region.
Results
The GWAS analysis included 1200 cHL case patients, of which tumor EBV data were available for 933 (77.8%) of 1200 patients. Of the EBV-classified patients, 265 (28.4%) of 933 were EBVpositive (Table 1 ). The control subject series consisted of 6417 control subjects with existing genome-wide SNP data representing the countries from which the patients were recruited (Table 1 and  Supplementary Table 3 , available online). The overall analysis of cHL and 502 514 SNPs adjusting for sex, country, and eight principal components analysis eigenvectors showed minimal evidence of genomic inflation (l = 1.04 when adjusted to a sample size of 1000 case patients and 1000 control subjects) (39) (Supplementary  Figure 1 , available online).
MHC Region
Strong associations were observed between cHL and SNPs within the MHC region (chromosomal region 6p21) (Figure 1) . Because of the availability of EBV status for the large majority of the cHL patients, three groups of risk-associated variants were distinguishable: those relevant to total cHL, EBV-positive cHL, and EBVnegative cHL (Figure 2 and Supplementary Figure 2 , available online). Two loci showed strong evidence of association with total cHL, with no evidence of heterogeneity in effect by tumor EBV status or histological subtype (Table 2 and Figure 3) . One of these, indexed by SNP rs2248462, located in the class I region nearing the border with the class III region at the MICB gene, was associated with a reduced risk of cHL (OR = 0.61, 95% CI = 0.53 to 0.69, P = 1.3 × 10
213
). A reduced risk of cHL was also independently associated with rs2395185 (OR = 0.56, 95% CI = 0.50 to 0.62, P = 8.3 × 10 225 ), a class II SNP located at HLA-DRA. Multiple SNPs in the class I region were associated with EBVpositive cHL with only limited evidence of an association with EBV-negative cHL (P homogeneity < .001) ( Table 2 and Figure 3 ). Most notable was the variant rs2734986 (OR = 2.45, 95% CI = 2.00 to 3.00, P = 1.2 × 10 215 ) and another class I SNP in weak LD (r 2 < 0.10), rs6904029, which showed an independent association with EBV-positive cHL (OR = 0.46, 95% CI = 0.36 to 0.59, P = 5.5 × 10
210
). Previously genotyped HLA-A data were available for the majority of patients (257 EBV-positive and 642 EBV-negative cHL), and strong LD was observed for rs2734986 (r 2 = 0.98) and rs6904029 (r 2 = 0.88) with the previously documented HLA-A*01 and A*02 allelic groups, respectively (9) .
Also within the MHC in the class II region, a marked cHL association was found for rs6903608 (OR = 1.71, 95% CI = 1.55 to 1.89, P = 3.2 × 10 227 ), a SNP previously reported (11) (Table 2, Figure 2 , and Supplementary Figure 2 , available online). Strong evidence of heterogeneity in the risk estimate by tumor EBV status for rs6903608 was observed (P homogeneity < .001). SNP rs6903608 showed no association with EBV-positive cHL (OR = 0.95, 95% CI = 0.78 to 1.16, P = .63), but a markedly increased risk of EBV-negative cHL was observed (OR = 2.08, 95% CI = 1.84 to 2.35, P = 6.1 × 10 231 ) ( Figure 3 ). An analysis including the five currently reported MHC region SNPs (rs2248462, rs2395185, rs2734986, rs6904029, and rs6903608) in a single logistic regression model showed that all were independently associated with the risk of total cHL and/or EBV subtype-specific cHL (Table 2) . 
Non-MHC Regions
The genome-wide analysis also indicated a strong signal originating from the chromosomal region 5q31 in proximity to the IL13 and IL4 genes ( Figure 1 ). An increased risk of cHL was associated with the minor allele of rs20541 (Table 3 and Figure 4 ), which appeared predominately in EBV-negative cHL (OR = 1.53, 95% CI = 1.32 to 1.76, P = 5.4 × 10
29
). The rs20541 variant has been shown to be involved in the genetic susceptibility to psoriasis and asthma in recently published GWAS (27) (28) (29) (30) (31) . As the overlap suggests that there may be potential similarities in biological mechanism between cHL and these other immune-related diseases, we placed emphasis on SNPs associated with psoriasis and asthma identified by previous GWAS (Supplementary Table 4 , available online). One additional SNP, rs27524, was associated with total cHL (OR = 1.21, 95% CI = 1.10 to 1.33, P = 1.5 × 10 24 ) ( Table 3 and Figure 4 ) after applying a Bonferroni correction for the 20 psoriasis-and asthma-associated SNPs (P < .003) that were considered. The association between total cHL and SNP rs2476601 (chromosomal region 1p13, PTPN22) also showed borderline statistical significance after a Bonferroni correction (P = 3.7 × 10 23 ) (Supplementary Table 4 , available online).
Technical and Independent Replication
Subsequent to the GWAS analysis, the key associations between SNPs and cHL were investigated by technical (genotype validation and analysis using study-specific control subjects) and independent (replication of findings in an independent series) replication. In the technical replication, all SNPs had a genotype concordance between the Illumina (Illumina Inc) and Sequenom (Sequenom Inc) platforms of 99% or greater (Supplementary Table 2 , available online). Furthermore, the associations were consistent between the analysis using generic and study-specific control subjects (Supplementary Table 5 , available online). For the independent replication conducted in the additional series of 563 cHL patients and 613 control subjects for four previously unreported SNPs (rs2248462, rs2395185, rs20541, and rs27524), consistent evidence of associations between rs2248462, rs2395185, and rs27524 and cHL were found with the exception of rs20541 (EBV-negative cHL: OR = 1.18, 95% CI = 0.83 to 1.67, P = .361) (Table 3) . Nevertheless, the combined GWAS and replication results for rs20541 were statistically significant at the genome-wide level (total cHL: OR = 1.38, 95% CI = 1.24 to 1.54, P = 1.8 × 10
29
; EBVnegative cHL: OR = 1.47, 95% CI = 1.29 to 1.68, P = 1.1 × 10 28 ), but additional studies are needed to confirm this finding (Supplementary Figure 3 , available online).
Associations by Tumor EBV Status in MCHL and NSHL
An evaluation of the relationship between cHL and the SNPs by tumor EBV status within the separate MCHL and NSHL histological subtypes was performed. The exclusively EBV-negative cHL association with rs6903608 was largely restricted to the NSHL subtype (Table 4) with evidence of heterogeneity between EBV-negative NSHL and MCHL (P homogeneity = .002). The EBVpositive cHL associations with rs2734986 and rs6904029 were observed in both MCHL and NSHL subtypes. However, there was some suggestion that the rs2734986 EBV-positive relationship may be stronger in MCHL compared with NSHL (P homogeneity = .09). * Frequency of the minor allele in case patients and control subjects included in each analysis. † Odds ratios (ORs) and 95% confidence intervals (CIs) for each SNP in the single SNP analysis were derived using logistic regression assuming a log-additive genetic model of inheritance and adjusting for sex (male or female), country (up to eight indicator variables after excluding one country as the reference, depending on the analysis: France, Germany, Spain, Czech Republic, Ireland, United Kingdom, Denmark, Sweden, and the Netherlands), and eight principal components analysis eigenvectors. The mutually adjusted analysis included additional adjustment for the effects of all other SNPs in the table. All statistical tests were two-sided. ‡ Indicates the phenotype with which the SNP appears to be predominately associated based on the results of the total cHL and EBV-specific subtype analyses. 
Discussion
The large size of the current GWAS including 1200 cHL patients and more than 6000 control subjects, together with EBV and histology information available for the majority of case patients, allowed us to evaluate genome-wide associations by tumor EBV status and further refine the specificity of previously reported susceptibility loci. Overall, we confirmed the strong role of the MHC region supported by five loci independently associated with total cHL or EBV status-specific cHL: rs2248462 (class I region in proximity to MICB) and rs2395185 (class II region, HLA-DRA) are novel loci associated with cHL, irrespective of EBV status. rs2734986 and rs6904029 (class I region, HLA-A) were associated with EBV-positive cHL, and rs6903608 (class II region, HLA-DRA) was associated with EBV-negative cHL and was associated predominately with the NSHL histological subtype. We also , HCG9) , and E) rs6903608 (class II region, HLA-DRA). Odds ratios (ORs, represented by boxes with the area of each box inversely proportional to the variance of the estimate) and 95% confidence intervals (CIs, error bars) were derived using multiple logistic regression assuming a log-additive genetic model and adjusting for sex (male or female), country (up to eight indicator variables after excluding one country as the reference, depending on the analysis: France, Germany, Spain, Czech Republic, Ireland, United Kingdom, Denmark, Sweden, and the Netherlands), and eight principal components analysis eigenvectors for the genomewide association study (GWAS) analyses only. The dashed vertical line represents the OR of the SNP in the analysis of total cHL among all subjects, and the width of the diamond is the corresponding 95% CI. In the analysis stratified by study, the GWAS included the EPILYMPH study (EPILYMH-GWAS), Scandinavian Lymphoma Etiology Study (SCALE-GWAS), the Scotland and Newcastle Lymphoma Group, and Young Adult Hodgkin Case-Control Study analyzed together (referred to as the UK Studies-GWAS), and the Northern Dutch Hodgkin Lymphoma Study (Netherlands-GWAS). The independent replication was done with data from the EPILYMPH study (EPILYMPH -Replication), and the Scotland and Newcastle Lymphoma Group, Young Adult Hodgkin Case-Control Study, and Epidemiology and Genetics Lymphoma Case-Control Study analyzed together (referred to as the UK Studies-Replication). P homogeneity was on the basis of the Cochran Q test statistic and was used to evaluate between-study heterogeneity in results. Associations between the SNPs and cHL subgroups (including histological subtype, EBV status, and age) were performed, and P values (P homogeneity ) for the x 2 test of homogeneity are presented to indicate differences in the OR between subgroup analyses. For rs2248462 (A) and rs 2395185 (B), results were derived from a combined analysis of the GWAS and independent replication phase results using an inverse variance weighting meta-analysis. All statistical tests were two-sided. Ca = case patients; Chr = chromosome; Co = control subjects; MCHL = mixed cellularity Hodgkin lymphoma; NSHL = nodular sclerosis Hodgkin lymphoma.
showed evidence of an association between cHL and novel loci in close proximity to key immunoregulatory genes at chromosome 5q31 (rs20541, IL13) and 5q15 (rs27524, ERAP1), both of which have also been previously linked to psoriasis. rs2248462 and rs2395185, both located in the MHC region nearly 1 Mb apart (r 2 < 0.1), are independently associated with total cHL with little evidence of heterogeneity in risk estimate by EBV status and histology. The rs2248462 SNP is located in the class I region adjacent to the highly polymorphic MHC class I-related chain (MICB) gene, which encodes a heavily glycosylated protein that is a ligand for the NKG2D receptor. The MICB ligand, structurally resembling the MHC class I glycoproteins, is expressed on epithelial cells in response to cellular stress and activates the cytolytic response of T lymphocytes and natural killer cells that are capable of eliminating tumor and virally infected cells (40) . A previous study examining the MHC region reported an association between cHL and a microsatellite marker that possibly tagged the same susceptibility locus (8) . It involved a broadly associated region centered on the D6S273 microsatellite marker that is located about 100 kb from rs2248462. The second cHL-associated SNP reported in this study, rs2395185, is in the 3′ untranslated region of HLA-DRA in close proximity to the EBV-negative cHL SNP, rs6903608 (r 2 = 0.20). However, in contrast to rs6903608, rs2395185 was associated with EBV-positive and EBV-negative cHL, providing evidence that these two SNPs contribute independently to cHL risk.
A cluster of SNPs within the class I region was associated specifically with EBV-positive cHL. The strongest signal was observed for rs2734986 (P = 1.2 × 10 215 ), located in the 3′ untranslated region of HLA-G and in close proximity to the HLA-A locus. Further analysis showed that rs6904029 (located approximately 124 kb downstream in HCG9) was independently associated with EBV-positive cHL. Previous evidence based on a subset of the subjects included in this GWAS showed an increased and decreased risk of EBV-positive cHL associated with HLA-A*01 and A*02, respectively (9,10). An evaluation among the patients with HLA-A data available showed HLA-A*01 to be in strong LD with rs2734986 (r 2 = 0.98) but not with rs6904029 (r 2 = 0.10). Similarly, HLA-A*02 was in LD with rs6904029 (r 2 = 0.88) but not with rs2734986 (r 2 = 0.10). The analysis by EBV status showed the class II SNP (11), rs6903608, to be associated only with EBV-negative cHL, whereas no association was observed with EBV-positive cHL. This SNP resides in the 3′ untranslated region of the HLA-DRA locus and is in relatively close proximity to the other HLA class II loci (HLA-DR, HLA-DQ, and HLA-DP), which have been implicated in earlier studies of HL (41) (42) (43) (44) . In our study, we identified an additional level of heterogeneity in the risk estimate of this variant by histological subtype, indicating that associations were predominantly between rs6903608 and EBV-negative NSHL, rather than EBV-negative MCHL. Although cHL histology and EBV status are related, they are far from synonymous. To our knowledge, this is the first study to show clear evidence of a histology-specific association between genetic loci and cHL risk within an EBVdefined series of cHL patients.
In this GWAS, additional genome-wide significant associations between genetic variants and cHL were identified outside of the .18
* CI = confidence interval; EBV = Epstein-Barr virus; OR = odds ratio; SNP = single-nucleotide polymorphism. † Frequency of the SNP minor allele in case patients and control subjects included in the genome-wide association analysis. ORs and 95% CIs were derived using logistic regression assuming a log-additive genetic model of inheritance and adjusting for sex (male or female), country (up to eight indicator variables after excluding one country as the reference: France, Germany, Spain, Czech Republic, Ireland, United Kingdom, Denmark, Sweden, and the Netherlands, depending on the analysis), and eight principal components analysis eigenvectors. All statistical tests were two-sided. ‡ ORs and 95% CIs were derived using logistic regression assuming a log-additive genetic model of inheritance and adjusting for sex and country. All statistical tests were two-sided. § Genome-wide association study and replication phase results were combined using inverse variance weighting meta-analysis. Two-sided P values (P hom ) based on the Cochran Q test statistic were used to evaluate evidence of heterogeneity in risk estimates between the genome-wide association and replication results.
║ Indicates the phenotype within which the SNP appears to be predominately associated based on the results of the total cHL and EBV-specific subtype analyses.
MHC region within a cytokine gene cluster at chromosomal region 5q31, including a nonsynonymous SNP in the IL13 gene (rs20541). rs20541 causes the replacement of a positively charged arginine with a neutral glutamine that has been shown to result in increased activity of IL13, a type 2 helper T cell cytokine (45) . Association studies have also attributed this SNP to increased serum immunoglobulin E levels (46), atopic conditions (47), asthma (28) , and psoriasis (30, 31) . In cHL, IL13 protein expression has been specifically detected in HRS cells (48) and rarely within the reactive infiltrate of cHL tumors. Evidence from gene expression studies increasingly suggests that this cytokine may function as an autocrine growth factor for the HRS cells in cHL (49) . Involvement of IL13 in cHL is also consistent with a recent GWAS reporting an association between cHL and the GATA3 gene (11) . GATA3 acts as a master transcription factor for key cytokines, including IL13, in lymphoid cell development (50) , and concordantly aberrant expression of these two genes has been detected in HRS cells derived from cHL tissue (51) . Further support for an involvement of cytokines in cHL has been demonstrated in a recent candidate gene study reporting evidence of epistatic interactions within the inflammatory response pathway (52) . Although the overall association between rs20541 and cHL (GWAS and replication combined) was statistically significant at the genome-wide level, weak evidence for this relationship was observed in the independent replication series alone. The inconsistency may be partially attributed to insufficient statistical power in the replication series, particularly if the GWAS estimate is overestimated as a consequence of the stringent criteria for genome-wide statistical significance (53) . Notably, in the genome-wide analysis, rs20541 appeared to be predominately associated with EBVnegative cHL. The replication dataset included a total of 563 cHL patients, of which only half were classified as EBV-negative, which may have further influenced statistical power. Although strong evidence in the GWAS was found for an association between rs20541 and cHL, and a biological role for rs20541 in cHL is plausible, this reported association requires further confirmation.
The overlap of the cHL association with rs20541 found in our study with recent GWAS of psoriasis (31) and asthma (28) led us to consider other asthma and psoriasis SNPs as possible candidate loci associated with cHL. In particular, rs27524, which maps to the endoplasmic reticulum aminopeptidase 1 (ERAP1, chromosome 5q15) gene locus, has been strongly associated with psoriasis (31) and has shown evidence of an association with cHL in our genomewide analysis. A consistent association was observed in the independent replication study and yielded strong evidence in the GWAS and replication combined analysis. ERAP1 is an aminopeptidase involved in the trimming of N-terminal amino acid residues of precursor polypeptides in preparation for loading and antigen presentation by the MHC class I molecule. Aberrant activity of ERAP1 (and ERAP2, a gene located in close proximity) expression resulting in impaired antigen processing plays a key role in regulating the surface expression of HLA class I molecules (54). Fruci et al. (55) reported consistently high ERAP1 expression levels in lymphoblastoid cell lines established from healthy donors, but markedly varied expression levels correlated with surface HLA class I expression in tumor cell lines. Thus, it has been hypothesized that downregulation of HLA class I expression and/or deranged presentation of certain tumor antigens caused by abnormal expression of ERAP1 may contribute to the ability of tumor cells to evade immune surveillance (55) .
The nature of a possible relationship of cHL with psoriasis and potentially with other autoimmune diseases is unclear and requires * Analysis included only patients with MCHL and NSHL that have EBV status available (MCHL: 89 EBV-positive and 65 EBV-negative patients; NSHL: 146 EBV-positive and 539 EBV-negative patients) and 5653 control subjects. ORs and 95% CIs were derived using logistic regression assuming a log-additive genetic model of inheritance and adjusting for sex (male or female), country (four indicator variables after excluding one country as the reference: Spain, United Kingdom, Denmark, Sweden, and the Netherlands), and eight principal components analysis eigenvectors. P hom (EBV+/-) comparing the ORs between analyses of EBV-positive and EBV-negative cHL are from two-sided x 2 tests of homogeneity. All statistical tests were two-sided. CI = confidence interval; MCHL = mixed cellularity Hodgkin lymphoma; NSHL = nodular sclerosis Hodgkin lymphoma; OR = odds ratio. † P hom (MC/NS) comparing the ORs between analyses of MCHL and NSHL are from two-sided x 2 tests of homogeneity.
further investigation. Previous epidemiological studies have reported associations between cHL risk and a personal and family history of certain autoimmune diseases, namely rheumatoid arthritis and systemic lupus erythematosus, although the reports have been less consistent for psoriasis (56) . A large retrospective cohort study conducted in the United Kingdom reported a statistically significant increased risk of HL in psoriasis patients (57) . However, there is uncertainty about whether the putative relationship may be attributed to the adverse effects of psoriasis treatment or whether there is some pathophysiological feature common to both diseases (57, 58) . Nevertheless, the overlap in genetic risk factors indicated in our study provides support for possible similarities in molecular pathways involved in the pathogenesis of these immune-related diseases.
Our study has several limitations. Although this is the largest GWAS of cHL to date and the first to evaluate EBV status-specific heterogeneity, there may have been insufficient statistical power to detect certain associations within the analysis of the less common cHL subtypes (eg, EBV-positive cHL) and for rarer SNPs and those associated with smaller risk estimates. Assuming a SNP allele frequency of approximately 0.20, the current GWAS sample size had adequate power (>70%) to detect statistically significant (P < 1 × 10
27
) associations for risk estimates as low as 1.4, 1.9, and 1.5 in the analyses of total cHL, EBV-positive cHL, and EBVnegative cHL, respectively. Presence of systematic bias because of differences in genotyping between patients and the generic control subjects is a possibility. However, consistency with previous literature and successful validation of genotyping together with replication of novel SNP loci in this study make it unlikely that the reported SNPs are false-positive findings. The patients included in this GWAS analysis, with the exception of those from EPILYMPH, have contributed to an independent replication series for a previous GWAS of cHL (11) . In consideration of this overlap, we were careful in the interpretation of our findings and pursued only novel loci in the independent replication stage, which included two additional MHC region loci associated irrespective of EBV status, and SNPs at chromosome 5q31 (IL13) and 5q15 (ERAP1).
In summary, this GWAS identified susceptibility loci that appeared to be common across subtypes of cHL but also noted loci that showed markedly heterogeneous associations with cHL by tumor EBV status. Furthermore, we provided evidence for an overlap in associated loci between cHL and psoriasis. This may indicate some common biological mechanism between the two diseases that can further aid our understanding of cHL pathogenesis.
